Normal aging is associated with cognitive decline and underlying brain dysfunction. Previous studies concentrated less on brain network changes at a systems level. Our goal was to examine these age-related changes of fMRI-derived activation with a common network parcellation of the human brain function, offering a systems-neuroscience perspective of healthy aging. We conducted a series of meta-analyses on a total of 114 studies that included 2035 older adults and 1845 young adults. Voxels showing significant age-related changes in activation were then overlaid onto seven commonly referenced neuronal networks. Older adults present moderate cognitive decline in behavioral performance during fMRI scanning, and hypo-activate the visual network and hyper-activate both the frontoparietal control and default mode networks. The degree of increased activation in frontoparietal network was associated with behavioral performance in older adults. Age-related changes in activation present different network patterns across cognitive domains. The systems neuroscience approach used here may be useful for elucidating the underlying network mechanisms of various brain plasticity processes during healthy aging.
Introduction
Normal aging is associated with cognitive decline and changes in the neural substrates of human cognition. The human brain experiences a series of structural and functional changes during aging that lead to reductions in processing speed, working memory, episodic memory, and executive function, and result in a lower quality of life (Bäckman et al., 2006; Bishop et al., 2010; Hedden and Gabrieli, 2004; Raz and Rodrigue, 2006) .
Functional neuroimaging is an important tool for studying aging in the human brain. By comparing the brain activation observed in task-based functional magnetic resonance imaging (fMRI) between young adults and normal older adults, recent work has provided important insights into cognitive decline and its neural substrates (O'Brien et al., 2010) . Specifically, age-related hyper-activation of frontal and parietal regions and hypo-activation of occipital regions are observed across a variety of tasks such as attention, visual perception, memory encoding and retrieval, working memory, language processing, and emotion processing (Cabeza et al., 2004; Davis et al., 2008; Grady et al., 1994; Grossman et al., 2002; Gutchess et al., 2005; Huettel et al., 2001; Iidaka et al., 2002; Logan et al., 2002; Madden et al., 2002; Meulenbroek et al., 2004; Morcom et al., 2003; Park et al., 2003; Rypma and D'Esposito, 2000) . In a meta-analysis on brain activation across multiple cognitive domains (Spreng et al., 2010) , older adults showed more activation in the prefrontal regions, whereas young adults showed more activation in occipital regions.
Several aging models have been proposed to interpret the present functional neuroimaging findings. The hemispheric asymmetry reduction in older adults (HAROLD) model proposes that older adults recruit bilateral activation of the hemispheres to compensate for age-related cognitive decline (Cabeza et al., 2002) . Based on similar logic, the posterior-anterior shift in aging (PASA) model suggests that older adults activate more anterior prefrontal regions to compensate for sensory processing deficits in posterior occipital regions (Davis et al., 2008; Grady et al., 1994) . These two models propose that older adults recruit additional brain areas to achieve better behavioral performance. The dedifferentiation hypothesis is another important hypothesis in aging neuroscience. Dedifferentiation was first proposed based on behavioral results, following an observation of stronger inter-correlations among tasks measuring the same and different cognitive abilities in older adults (Li and Lindenberger, 1999) . Further, normal aging is accompanied by reduced distinctiveness of brain activation patterns in domain-specific areas. The compensation-related utilization of neural circuit hypothesis (CRUNCH) proposes that older adults recruit greater neural resources to compensate at a lower cognitive load but that at a higher cognitive load, older adults show equivalent or lower activation and worse behavioral performance compared with young adults (Reuter-Lorenz and Cappell, 2008) . The Scaffolding Theory of Aging and Cognition (STAC) model (Park and Reuter-Lorenz, 2009 ) and the revised STAC-r model (ReuterLorenz and Park, 2014) integrate the main ideas of compensation and dedifferentiation and include factors that may influence brain activation, such as neural challenges, behavioral performance and neuroplasticity. This model posits that older adults may show more activation in the prefrontal and parietal brain regions to maintain high levels of cognitive performance and to compensate for declining neural function. Both the structure and the function of the human brain may predict the level of cognitive function and rate of cognitive aging, whereas compensatory scaffolding may mediate this prediction. Although there is some supporting evidence for each model from neuroimaging studies, this evidence is primarily limited to regional activation.
Beyond classical frontoparietal areas and relevant aging models, fMRI studies have increasingly revealed enhanced task activation within the medial prefrontal gyrus, the posterior cingulate cortex, and the inferior parietal lobule in normal older adults (Alichniewicz et al., 2012; Düzel et al., 2011; Grady et al., 2006; Kukolja et al., 2009; Meulenbroek et al., 2004; Moffat et al., 2006; Morcom et al., 2007; Murty et al., 2009; St Jacques et al., 2010) . These previous studies involved self-related task design such as autobiographical memory retrieval, envisioning the future, and cognitive empathy, whereas these regions are commonly thought of as representative nodes of the default mode network. Interestingly, tasks requiring focused attention commonly deactivate the network, while tasks that require introspection activate the network (Raichle, 2015; Buckner et al., 2008) . Many task-based fMRI studies initially overlooked this network, but resting-state fMRI has redirected focus to these areas as a network (Biswal et al., 1995; Greicius et al., 2003) . Functional disruption of this network has consistently been associated with normal aging process (Biswal et al., 2010; Spreng and Schacter, 2012; Tomasi and Volkow, 2012; Zuo et al., 2012) .
Increasing numbers of fMRI studies have shown that age-related changes occur in various large-scale brain networks. In an exploration of topological patterns of brain structural networks between middle-aged and older adults (Zhu et al., 2012) , older adults displayed lower global efficiency and higher local clustering in brain structural networks compared with middle-aged adults. Schlee et al. (2012) investigated the resting-state functional networks over the adult life span using magneto-encephalographic recordings in 53 adults and detected age-related decreases of cortical network signals in a low-frequency range (2-4 Hz), whereas age-related increases of cortical network signals occurred primarily in the beta and gamma frequencies. Using resting-state fMRI data, researchers revealed that older adults showed decreased topological efficiency that was primarily distributed in the frontal and temporal cortical and subcortical regions (Achard and Bullmore, 2007) . Several other resting-state and task-based fMRI studies have also demonstrated age-related disruptions in topological patterns of large-scale brain functional networks (Andrews-Hanna et al., 2007; Betzel et al., 2014; Cao et al., 2014; Meunier et al., 2009; Song et al., 2014; Wang et al., 2010) . Using a large-scale approach, Zhang et al. (2014) found that older adults had decreased functional connectivity in largescale networks compared with young adults. The executive control network was the most disrupted, followed by the dorsal attention network, default mode network, and salience network, but no differences were detected in the visual network between older and young adults.
Due to their small sample sizes and a lack of large-scale brain functional network templates, most previous studies are limited to associating the aging-related changes and their distribution within large-scale functional networks. Fortunately, Yeo et al. (2011) adopted a data-driven clustering approach using 1000 resting-state fMRI studies and identified seven cortical neuronal networks of the cerebral cortex: the visual, somatomotor, dorsal attention, ventral attention, limbic, frontoparietal, and default mode networks. Accordingly, in the present work, we aim to conduct a comprehensive and systematic review of the extant fMRI studies on normal aging from a systems neuroscience perspective and to reveal neuronal dysfunction in these large-scale brain circuits in normal aging processes.
We made the following three hypotheses: (1) individuals with normal aging would present hyper-activation in the frontoparietal network and default mode network and hypo-activation in the visual network; (2) age-related brain activation and their largescale network distribution profiles would be specific to different task domains; (3) increased task activation in frontoparietal network would be associated with better behavioral performance in older adults.
Methods

Literature search
To identify pertinent articles, an online search of the PubMed, EBSCOHost (PsycINFO, PsycARTICLES), ISI Web of Knowledge, and NeuroSynth databases was performed for articles published between January 1990 and April 2014. Articles "in press" were also included. Search terms for healthy older adults were combined with different fMRI-related terms.
The search terms related to healthy older adults that were used included "older adults, older people, older persons, aging, age related, age-related, elderly, elders, elderly persons, and elderly people." The search terms related to fMRI used were "functional magnetic resonance imaging, functional MRI, fMRI, neuroimaging, functional imaging, functional magnetic imaging."
We conducted an additional literature search using the reference lists of the identified studies and a number of relevant review articles (Eyler et al., 2011; Grady, 2008 Grady, , 2012 Hedden and Gabrieli, 2004; Reuter-Lorenz and Park, 2010; Spaniol et al., 2009; Spreng et al., 2010) to identify as many potential studies as possible.
Study selection
Inclusion criteria
For inclusion, the studies were required to include both a sample of older adults and a sample of young adults. The mean age for the older adults was limited to over 60 years old, and the mean required age of the young adult group was between 18 and 35 years old. Furthermore, the fMRI studies had to be task-based and report three-dimensional Talairach or Montreal Neurologic Institute (MNI) coordinates of between-group comparisons.
Exclusion criteria
Studies were excluded if they; (1) used neuroimaging methods other than task-based fMRI studies, such as resting-state fMRI, PET, SPECT, or other non-fMRI procedures, to exclude variability across different neuroimaging findings; (2) assessed the effect of medication without reporting fMRI data at baseline or after medication washout; (3) reported only within-group contrasts; or (4) conducted a priori region of interest analyses.
Data extraction
Two of the authors (HJL and XHH) determined whether the studies should be included based on the inclusion and exclusion criteria. After the included studies were determined, these two authors independently extracted the demographic variables and the 3D activation coordinates of the group contrasts. Any differences were discussed. When studies included two or more groups of young or older adults, these groups were combined into one pooled group, and the coordinates were pooled (Daselaar et al., 2003a; Duarte et al., 2008; Miller et al., 2008; Nielson et al., 2002; Zlatar et al., 2013) .
To provide the corresponding behavioral performance, we also extracted behavioral data (accuracy, reaction time, or both, if available) that were collected during the fMRI scanning. These data included the number of participants in each group, means and standard deviations (SDs) of task performance, p value, t test or F test value, or other statistical data that can be used to calculate the effect size. If the studies did not report sufficient behavioral data for calculating the effect size or did not request the participants to respond during the scanning, then these studies were not included in the behavioral meta-analysis. We did not analyze behavioral data collected outside the MRI scanner.
Quantitative meta-analysis procedures
All of the Talairach coordinates were first transformed into the corresponding MNI locations (Lancaster et al., 2007) . The MNI coordinates were then input into a text file and loaded into GingerALE 2.3.3 (http://www.brainmap.org). Activation likelihood estimation (ALE) was used to identify the reported activation foci in each study as 3D Gaussian probability distributions centered at the reported coordinates. Across studies, whole-brain voxel-wise cumulative probabilities were calculated to construct ALE maps for the subsequent group contrasts (Laird et al., 2005; Turkeltaub et al., 2002 Turkeltaub et al., , 2012 . Statistical significance was determined via a permutation test against the null-distribution of randomly distributed foci.
For the overall meta-analysis and the three main task domains (memory encoding, memory retrieval, and executive function), we used the cluster-level family-wise error-corrected threshold of p < 0.05 (cluster-forming threshold at voxel-level p < 0.001, 5000 permutations). The resulting thresholded ALE images were verified by combining the automated anatomical labeling atlas and the brain anatomy in the FMRIB Software Library v5.0 (MNI152 T1 0.5 mm.nii.gz) in MNI152 space.
We conducted meta-analyses to compare older adults and young adults across all of the fMRI studies. We were also interested in the functional activation and neuronal networks in specific task domains such as memory encoding, memory retrieval, executive function, perception, motor, language processing, and emotional processing. In Table 1 , we list the exact task used in each study; each task was assigned to only one task domain. Memory encoding typically focused on the encoding phase, whereas memory retrieval primarily focused on the recognition phase of memory. The executive function domain included dual-task processing, Go/No-go tasks, oddball tasks, Stroop or Stroop-like tasks (not including reading), decision-making, selective attention, and n-back (not including 0-back and 1-back) tasks. The perception domain mainly included somatosensory processing, auditory and visual processing, and perceptual matching; and the motor domain included wrist coordination, hand and/or foot movement, elbow flexion-extension movement, and joystick tasks. Language processing included semantic and phonological processing, semantic and phonemic fluency, lexical judgment, sentence processing, and picture naming tasks; and emotion processing primarily included emotional face processing, emotional pictures and words processing. For all analyses, "Older adults > Young adults" and "Young adults > Older adults" contrast coordinates were analyzed separately.
For the behavioral meta-analysis, effect size (Cohen's d) (Cohen, 1988) was used to compare the differences in behavioral performance between young and older adults. This was conducted using the Comprehensive Meta-Analysis (CMA) software (http://www. meta-analysis.com). Cohen's d was calculated using the differences between the young and older adults divided by the pooled standard deviation, if both the mean and standard deviation were available. The exact p-value, t-value, or F-value could also be used to achieve the derivation of Cohen's d. These data were averaged to one pooled effect size if the studies provided two or more behavioral data sets. We defined the direction of the effect size to be positive if young adults performed better than older adults.
Relationships with neuronal networks
Based on the ALE results, we further calculated the number of significant voxels that overlapped the masks generated for the seven large-scale neural networks in age-related changes by using a set of scripts provided in the Connectome Computation System (Xu et al., 2015) , which was initially developed for our previous meta-summary analysis on test-retest reliability studies in functional connectomics (Zuo and Xing, 2014) . As described in Yeo et al. (2011) , seven cortical networks were identified based on 1000 healthy young participants: visual, somatomotor, dorsal attention, ventral attention, limbic, frontoparietal, and default mode networks. Furthermore, the cerebellum and striatum were parcellated into seven networks based on functional projections to these seven cortical networks (Buckner et al., 2011; Choi et al., 2012) . In the present meta-analysis, we merged the results calculated from the cortical, cerebellar, and striatal networks. To compare the proportions of the increased and decreased significant voxels in the seven neural networks, we performed Chi-square tests. We tried to test our first two hypotheses by investigating the age-related activation changes of the seven functional brain networks in the overall and specific task domains. In addition, we clustered the included studies into two sets including cognitive invariant studies and cognitive decline studies regarding the behavioral data provided in individual studies. We were able to test the third hypothesis by comparing the large-scale neural network distributions of hypo-activation and hyper-activation between cognitive invariant and cognitive decline studies.
Results
Search results
The results of the initial reference search and study exclusion are presented in Fig. 1 . One hundred and thirteen articles were included in the present meta-analysis; because two studies were included in the work by Paxton et al. (2008) , 114 studies were finally included and analyzed, for a total of 2035 older adults, and 1845 young adults. The characteristics of the included studies are summarized in Table 1 . Table 2 presents the meta-analytic results of the overall and specific task domains. The magnitudes of the random effect size for the overall tasks were moderate, indicating that young adults performed better than older adults did during fMRI tasks. The magnitudes for memory encoding, memory retrieval, and executive function task domains were moderate (ranging from 0.50 to 0.80), indicating that young adults had better performance than older adults across the task domains. Because no more than 10 studies provided enough behavioral data to calculate the effect size in perception, language, emotion, and motor, we did not report the results for those domains here.
Behavioral performance
Egger's test is an index of the funnel plot, which can be used to assess the publication bias. In the behavioral meta-analysis, researchers usually use the funnel plot to depict the effect size vs. sample size. When there is no publication bias, the plot is expected to be funnel shaped; if there is bias, the plot will be skewed and asymmetrical, and smaller studies with larger than average effect sizes are more likely to be published (Egger et al., 1997) . As shown in Table 2 , the Egger's tests for overall, memory retrieval, and executive function meta-analyses were significant, suggesting that publication bias might exist.
Homogeneity test results showed that the included studies were heterogeneous; the results suggested that some moderator variables might influence the results. Therefore, we assessed the potential moderators for the overall behavioral meta-analysis with the available variables (Table 3) . Meta-regression analysis showed that the age of the older adults was positively associated with the effect size but that age was not associated with effect size for young adults. The results suggested that older adults with increased age showed more impairment in cognition. The age differences between the two groups showed a trend for a positive association with the effect size, indicating that larger age differences resulted in greater effect sizes. Years of education were positively associated with effect size in both young and older adults, and the results indicated that education was an important factor associated with the effect size between young and older adults. However, the differences in education between the groups were not significantly correlated with the effect size. The Mini-Mental State Examination (MMSE) score of the older adults was negatively associated with the effect size, indicating that the effect size was lower when older adults had better cognitive function.
Brain activations and brain networks 3.3.1. Overall healthy aging meta-analysis
The overall meta-analysis revealed that older adults showed significant reductions in activation compared with young adults in the subcortical and cortical brain regions, which were primarily distributed across the bilateral parahippocampal gyri, right fusiform gyrus, right lingual gyrus, left inferior frontal gyrus, left medial frontal gyrus, and left cingulate gyrus (Table 4 , Fig. 2 ). Older adults also showed increases in activation of brain regions relative to young adults, primarily in the left middle frontal gyrus, bilateral medial frontal gyri, anterior cingulate gyrus, bilateral inferior frontal gyri, and bilateral precentral gyri (Table 4 , Fig. 2) .
We identified the percentage of significant voxels located in each network. The final results of the overall meta-analysis are presented in Fig. 3 . Age-related decreases in brain activity were found in the visual (59.6%), default (15.8%), ventral attention (13.6%), and frontoparietal (10.9%) networks. In contrast, agerelated increases in activation were found in the frontoparietal (53.3%), default (22.5%), ventral attention (12.3%), somatomotor (6.7%), and dorsal attention (5.2%) networks. The distribution of age-related hypo-activation and hyper-activation between these six networks differed significantly ( 2 > 100, df = 5, p < 0.0001).
Meta-analysis for specific task domains
We also conducted a set of meta-analyses and examined the spatial extents and contributions of the 7 large-scale neuronal networks in specific task domains.
For memory encoding, age-related decreased activation was observed mainly in right fusiform gyrus, bilateral parahippocampal gyri, right precuneus, right middle temporal gyrus, and right middle occipital gyrus. Age-related increased activation was located mainly in the left superior frontal gyrus, left middle frontal gyrus, right medial frontal gyrus, left anterior and posterior cingulate cortex (Supplementary table* 1). Age-related hypo-activation was located predominantly in the visual (77.2%) and dorsal attention (22.3%) networks; somatomotor networks accounted for only a small portion of hypo-activation (0.6%). Age-related hyper-activation was located mainly in the default mode (76%), frontoparietal (21.3%), and ventral attention (2.8%) networks (Fig. 4) . The distribution of age-related hypo-and hyper-activation between these six networks differed significantly ( 2 > 100, df = 5, p < 0.0001).
In memory retrieval tasks, age-related hypo-activation was found in right lingual gyrus, left precuneus, left posterior cingulate cortex, left inferior frontal gyrus, right fusiform gyrus, and left insula. Age-related hyper-activation was observed in right medial Table 2 The meta-analysis results of the behavioral performance inside the scanner between young and older adults. (Fig. 4) . The distribution of age-related hypo-and hyper-activation between these five networks differed significantly ( 2 > 100, df = 4, p < 0.0001). In executive function tasks, age-related hypo-activation was observed in right middle frontal gyrus. In contrast, age-related hyper-activation was observed in the left inferior frontal gyrus, bilateral precentral gyri, right middle frontal gyrus, and left cuneus (Supplementary table* 3) . In executive function studies, the voxels that exhibited age-related hypo-activation were located in the frontoparietal (42.5%), ventral attention (31.3%), and default (26.3%) networks, whereas age-related hyper-activation was located in the frontoparietal (50.9%), dorsal attention (25.3%), visual (15.2%), somatomotor (7.8%), and default (0.7%) networks (Fig. 4) . The distribution of age-related hypo-and hyper-activation between these six networks differed significantly ( 2 > 100, df = 5, p < 0.0001).
For perception, emotion, language, and motor processing task domains, because no more than 10 studies contributed to the results, the results were not reliable; we did not present the ALE and functional networks results here.
Behavioral performance and brain activity
Based on the behavioral performance during the scanning, we attempted to divide the studies into two groups. Because the effect size of 8 studies was negligible (less than 0.2) and 3 other studies reported no significant differences between young and older adults (Johnson et al., 2004; Townsend et al., 2006; Winecoff et al., 2011) , these 11 studies were defined as age-related cognitive invariant studies. The effect size in 81 studies was larger than or equal to 0.2, indicating that older adults showed at least a small magnitude of cognitive decline in comparison with young adults; these studies were classified as age-related cognitive decline studies. The remaining 22 studies were not included in this analysis; 19 did not require an explicit cognitive task or did not report behavioral results, and 3 studies did not report sufficient data to calculate the effect size.
Age-related cognitive invariant studies
In age-related cognitive invariant studies, older adults mainly presented decreased activation in left superior temporal gyrus, right parahippocampal gyrus/amygdala, right cuneus, right culmen, and left claustrum. Older adults showed increased activation in the left precentral gyrus (Table 5) . At the network level, older adults showed decreased activation in the ventral attention (42.4%), visual (20.3%), somotomotor (18.6%), default (12.7%), frontoparietal (4.2%), and dorsal attention (1.7%) networks, while they showed increased activation entirely in frontoparietal network (100%) (see Fig. 3 ). The distribution of age-related hyper-and hypo-activation between these six networks differed significantly ( 2 > 100, df = 5, p < 0.0001).
Age-related cognitive decline studies
In age-related cognitive decline studies, older adults exhibited decreased activation in left medial frontal gyrus, left cingulate cortex, bilateral parahippocampal gyri, and right middle frontal gyrus (Table 5 ). In comparison with young adults, older adults showed increased activation in the left precentral gyrus, right medial frontal gyrus, and left middle frontal gyrus (Table 5 ). These age-related decreases were distributed in the ventral attention (48.2%), visual (33%), frontoparietal (12.6%), and default (6.1%) networks, whereas the age-related increases were located in the dorsal attention (49.7%), frontoparietal (33.3%), default (15.3%), and ventral attention (1.6%) networks (Fig. 3) . The distribution of age-related hypoand hyper-activation between these five networks differed significantly ( 2 > 100, df = 4, p < 0.0001).
Discussion
We, in the present work, attempt to perform a systematic review of age-related differences in task-based fMRI studies. The Fig. 2 . Regions show greater (cold) and smaller (hot) activations of tasks in older adults as compared to young adults. Clusters were displayed using a threshold at p < 0.05 (cluster-level FWE correction). L: left hemisphere; R: right hemisphere.
Table 5
Comparisons between older and young adults in age-related cognitive invariant and cognitive decline studies. findings indicate that older adults showed a moderate cognitive decline in comparison with young adults. The older adults displayed decreased activation primarily in the visual network and increased activation mainly in the frontoparietal and default mode networks. Age-related changes in the activation of specific cognitive task domains had differential network distribution patterns. Older adults recruited more activation in the frontoparietal network when they performed as well as young adults did in behavioral tasks. Whereas previous fMRI studies focused on isolated brain activation, the present findings provide evidence that healthy elderly individuals demonstrate dysfunction in their large-scale neuronal networks.
Age-related activation is differentiable across brain networks
Age-related hypo-activation was observed predominantly in the visual network. The visual network is located primarily in the occipital lobe and is responsible for visual perceptual processing (Grill-Spector and Malach, 2004; Wong and Sharpe, 1999) . Previous studies have found that older adults exhibit decreased occipital activation during working memory, visual attention, episodic memory retrieval, and face-matching tasks Grady et al., 1994; Madden et al., 2002; Payer et al., 2006; Rieck et al., 2015) . Reduced visual network activation in older adults is consistent with the hypothesis that declining sensory processing may underlie cognitive aging (Baltes and Lindenberger, 1997) . In the present overall meta-analysis, the visual network occupies as many as 59.6% of age-related hypo-activation voxels. The results are consistent with our hypothesis and suggest that decreased activation in the visual network may be the underlying mechanism in age-related cognitive decline.
Older adults showed increased task activation in the frontoparietal and default mode networks. These observations were not surprising given several excellent reviews on previous studies and interpreting their findings from the perspective of brain networks (Grady, 2012; Maillet and Rajah, 2014; Piefke et al., 2012; Park and Reuter-Lorenz, 2009; Reuter-Lorenz and Park, 2014; Spreng and Schacter, 2012) . Intriguingly, such an observation from a healthy aging population was also evident for abnormal aging stages including mild cognitive impairment and Alzheimer's disease (Li et al., 2015) . The frontoparietal network is an important flexible hub for the initiation of and modulation of cognitive control (Cole et al., 2013) and plays an important role in goal-directed executive processes (Corbetta et al., 2008) . Increased frontoparietal activation was consistently shown to compensate for processing deficits in occipital and other brain areas Park, 2010, 2014) . A number of previous studies have found dysfunctional DMN activation in older adults (Damoiseaux et al., 2008; Gordon et al., 2014; Lustig et al., 2003; Persson et al., 2007; Sambataro et al., 2010) . At the systems neuroscience level, the increased activation of the DMN may occur because of reduced suppression of the low-frequency signal oscillations observed in DMN areas during cognitively demanding tasks (Sambataro et al., 2010) . The present observation of age-related increased activation in the DMN suggests that older adults fail to change the default mode into a more active mode of cognitive processing. Notably, the DMN has consistently been implicated in cognitive decline, and the deposition of amyloid-␤ protein may underlie the disruption of DMN in normal aging. A recent study reports that amyloid-␤ was predictive of cognitive decline in healthy older adults (Doraiswamy et al., 2012) . Further, amyloid-␤ deposits are found in approximately 25% of healthy older adults (Mintun et al., 2006) , and other studies have recently reported on the distribution of amyloid-␤ in the DMN of healthy older adults (Oh et al., 2011; Rentz et al., 2010) . Hedden et al. (2009) found normal older adults with high amyloid burden presented significantly decreased functional connectivity within the DMN in comparison with those with low amyloid burden. Similarly, Sheline et al. (2010) found that older adults with amyloid-␤ deposits in the brain exhibited greater disruption in DMN functional connectivity than did individuals without amyloid-␤, suggesting that amyloid-␤ was associated with reduced functional connectivity within the DMN in normal aging.
Network activation profiles are detectable for specific task: Aging across cognitive domains
Using a systems neuroscience approach, this review presents a picture of large-scale neural networks for specific cognitive task domains. As expected, we observed differential age-related functional network patterns across the task domains. The visual network occupied more than half of the hypo-activated voxels (77.2%) in the memory-encoding domain, mainly covering several clusters in the fusiform gyrus, middle occipital gyrus, and parahippocampal cortex (Supplementary table* 1). Previous studies revealed that the parahippocampal cortex plays an important role in encoding episodic memory and that its activation could predict item recollection (Davachi et al., 2003; Diana et al., 2013; Sommer et al., 2005) . Increased activations of fusiform gyrus and middle occipital gyrus have been associated with high arousal during episodic encoding to facilitate the following recollection (Mather et al., 2006; Mitchell et al., 2006) . Therefore, the decreases of visual network activation may reflect worse memory performance in older adults compared to young adults. The dorsal attention network also occupied 22.3% of the age-related decreased voxels. Structurally centered on the intra-parietal sulcus and frontal eye fields, the dorsal attention network was originally believed to be involved in top-down attention orienting and to be responsible for the selection of sensory stimuli (Corbetta and Shulman, 2002; Fox et al., 2006; Shulman et al., 1999 Shulman et al., , 2003 . Age-related voxel increases were mostly distributed in the default and frontoparietal networks, indicating that older adults failed to suppress DMN activity and attempted to modulate the behavioral performance through the frontoparietal network.
In memory retrieval, age-related hypo-activation primarily occurred in the default and visual networks, whereas hyperactivation occurred mainly in the default network. Older adults have consistently been found to show lower activation in occipital regions, suggesting that visual network hypo-activation may play an important role in memory retrieval Schiavetto et al., 2002) . Although older adults displayed both decreased and increased activation in the default network, the specific locations were different. The regions showing decreases were mainly distributed in the posterior areas of the default network, which are thought to be involved in memory retrieval (Buckner et al., 2008) ; these areas play important roles during cognitive decline (Jacobs et al., 2013) . The regions of increased activation were primarily located in the anterior aspect of the default network, which is believed to be involved in a compensatory role in the degenerative process (Jacobs et al., 2013) .
Older adults hypo-activated the ventral attention network but hyper-activated the dorsal attention network in executive function.
The ventral attention network is thought to be involved in exogenous stimuli-driven attention reorienting (bottom-up) processing, while the dorsal attention network is thought to be involved in top-down attention processing (Corbetta and Shulman, 2002; Fox et al., 2006; Shulman et al., 1999 Shulman et al., , 2003 . The present results demonstrated that older adults adopted more top-down processing to compensate for deficits in bottom-up processing during executive control. Moreover, we found that the frontoparietal network was involved in both age-related hypo-activation and hyper-activation. Executive function is an important component of self-control and has significant implications for daily life (Mischel et al., 2011) . It is often difficult to measure, particularly given the task-impurity problem (Jurado and Rosselli, 2007) . Executive function is generally divided into three components: task switching, inhibition and updating (Miyake et al., 2000) . Some executive tasks in the included studies may have included one or two components, whereas other executive tasks could not be divided into specific components. Furthermore, the brain dedifferentiation hypothesis may be used to explain the results. Dedifferentiation refers to the lack of regional specialization in neuroimaging (Li and Lindenberger, 1999; ReuterLorenz and Park, 2010) . Older adults showed both hypoactivaton and hyperactivation in the frontoparietal network, suggesting that older adults might fail to show regional specialization in large-scale networks during tasks that involve executive function. The most recent study found that older adults showed dedifferentiation in large-scale neuronal network during an oddball task (Geerligs et al., 2014) .
Interpretation of relationships between behavioral performance and brain networks calls new aging models
Older adults had increased activation in bilateral inferior frontal gyri and bilateral precentral gyri compared with young adults. These results supported the HAROLD model to some degree; however, we did not observe bilateral increased activation in older adults across task domains. Similarly, although older adults mainly presented hypo-activation in the visual network and hyper-activation in the frontoparietal network in the overall metaanalysis, which supported the PASA model, we did not find the same patterns in specific task domains. The STAC and the revised STAC-r model (Park and Reuter-Lorenz, 2009; Reuter-Lorenz and Park, 2014) seem promising for explaining the functional imaging results in cognitive aging. We found that older adults had increased activation in the frontoparietal network in overall cognition and the executive function tasks; these results demonstrate that largescale networks may be recruited as compensatory scaffolding, the core construct in the STAC/STAC-r model. However, in the memory encoding and memory retrieval task domains, the default network but not frontoparietal network was recruited as the main compensatory scaffolding. Moreover, although the de-differentiation hypothesis could explain the brain activity involved in executive function to some degree, this hypothesis did not fit the results of the overall meta-analysis and other task domains.
Although the present results provide some support for these models, it seems that no single aging model sufficiently accounts for the age-related brain activation and network-level functional changes observed in the present study. This finding may reflect the fact that researchers have not fully explained the compensatory mechanism underlying the activity of the aging brain. Many researchers have emphasized the importance of integrating behavioral performance and brain activation to interpret age-related neuronal differences, particularly the over-recruitment of brain activity in older adults (Cabeza and Dennis, 2013; Grady, 2012; Maillet and Rajah, 2014) . As stated earlier, the CRUNCH hypothesis considered that cognitive load level might influence brain activation patterns in older adults (Reuter-Lorenz and Cappell, 2008).
Recently, Cabeza and Dennis (2013) proposed a new definition of compensation to explain the increased brain activity in older adults based on behavioral performance. When the increased brain activity has no relationship to behavioral performance, it is termed 'attempted compensation'. If increased brain activity is accompanied by better behavioral performance, it is defined as 'successful compensation'. When the increased brain activity is associated with worse behavioral performance, it is called 'unsuccessful compensation'. In the present review, we could not calculate the direct relationship between behavioral performance and brain activity; however, we could classify studies into two types based on behavioral performance differences between young and older adults. The number of cognitive decline studies is far greater than the number of cognitive invariant studies, reflecting the poorer task performance by older adults relative to young adults in most studies. For both cognitive invariant and cognitive decline studies, older adults presented similar hypo-activation patterns primarily located in the ventral attention and visual networks. Older adults presented a differential age-related hyper-activation pattern. Although older adults recruited large percentages of the so-called control system (dorsal attention, ventral attention, and frontoparietal network) (Cole et al., 2014) in both cognitive invariant and cognitive decline studies (100% vs. 84.6%), the distributions were different. In cognitive invariant studies, the age-related increased activation was found exclusively in the frontoparietal network (100%); yet in cogntive decline studies, the increased activation in the frontoparietal network accounted for only 33.3%. These findings suggest that although the over-recruitment of brain activation in the control system plays an important role in compensatory processing in older adults, the degree of frontoparietal network activation determines the behavioral performance. Increased activation in the frontoparietal network may be associated with better behavioral performance in older adults. Unsuccessful compensation in older adults may be due to inefficient cognitive processing and less activation in the frontoparietal network.
In addition to providing supportive evidence for existing models of aging, the present large-scale network findings propose some challenges for the existing neuroscience models of aging. Current and future large-scale network findings may play an important role in driving the construction of new neuroscience models of aging or the revision of existing models.
Implications for aging brain connectomics
Connectomics hosted by the large-scale brain networks, as examined using a network science approach, is helpful for characterizing normal or aberrant brain networks and providing novel insights into functional or dysfunctional brain architecture (see Sporns, 2009, 2012; Biswal et al., 2010; Rubinov and Bullmore, 2013 for reviews of connectomics). Network metrics may potentially serve as neuroimaging biomarkers to predict the presence of disease and for evaluation of disease progression (e.g., Menon, 2011) . This role of a systems neuroscience approach has been increasingly recognized in understanding the neural mechanisms of cognitive decline (Bressler and Menon, 2010; Li et al., 2015; Menon, 2011) . The present systematic analysis results build a link between network-level findings and task-activation findings, suggesting that large-scale network deficits may underlie the cognitive decline observed in normal aging. This large-scale network approach, based on a large sample of published task-based neuroimaging studies, can reassign large bodies of imaging data of isolated tasks with novel organizational features at the systems level (e.g., Yeo et al., 2014) , thereby offering potential network targets for clinical predication, diagnosis or intervention for abnormal brain changes.
Limitations: some methodological considerations
There are several limitations of this meta-analysis. First, the GingerALE software cannot currently account for the effects of covariates or allow users to conduct the meta-regression analyses. Factors such as age, gender, task difficulty, sample size and even gray matter density may introduce bias in the ALE metaanalytic results. Future aging-related studies or ALE meta-analysis are expected to investigate these covariates. Second, multiple aging-sensitive subcortical regions, such as the hippocampus, were not included in the seven neuronal networks. Therefore, the present neuronal network results cannot assess changes in this region. Third, many other factors such as brain structure or life course experience, as mentioned in the aging models (Grady, 2012; Reuter-Lorenz and Park, 2014) , may also influence agerelated brain activity and functional networks, although it is not possible to assess all these factors in a single study. Finally, we observed publication bias in the behavioral meta-analyses. In the final 114 included studies, only 92 studies were included in the behavioral meta-analysis, and the behavioral data of another 22 studies was not available, which might bring some bias to the results. Due to the aim of the present review, the behavioral metaanalytic results were only contributed by the included fMRI studies, which might bring some publication bias regarding that some studies without significant brain activation results might not be published.
Conclusions
The normal process of aging produces changes in regional brain activation and neuronal network as well as behavioral outcomes. This results in decreased activation in the parahippocampal gyrus, fusiform gyrus, inferior frontal gyrus, and lingual gyrus, and increases of activation in the middle frontal gyrus, medial frontal gyrus, and precentral gyrus in older adults. Older adults show hypo-activation in the visual network and hyper-activation in the frontoparietal and default networks. The frontoparietal network plays a crucial role in generating successful compensation for older adults. Existing models of brain aging do not account for all of these findings; thus, the development of novel aging models is warranted.
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